.
activity. The affinity of the preparations towards CO2 was high, apparent "Km(CO2)" being 20 ,uM at pH 7, which is quite comparable to the value observed with the intact spinach chloroplasts (5) . An obvious advantage of the use of protoplasts for biochemical study is that the interorganellar relationship is maintained. It must be emphasized that protoplasts are superior to chloroplasts for examining photosynthetic activity, because in the latter metabolic channeling between chloroplasts and the cytoplasm is cut off so that the postillumination CO2 fixation observable in the intact leaf cell is missing. The use of isolated chloroplasts for analytical studies of the Warburg effect and/or photorespiration is at a disadvantage because the over-all processes are believed IThis is paper XXXII in the series "Structure and Function of Chloroplast Proteins." This research was supported by the grants from the Ministry of Education of Japan (986009), the Toray Science Foundation (Tokyo), and the Naito Science Foundation (Tokyo). Programme (1974) .
to proceed through multiple interorganellar interaction in lea tissues (11, 12, 19, 20) . Consequently, biochemical investigations on the mechanism of photorespiration have been greatly handicapped and our current knowledge is based principally on experimental results using either algae or reconstituted chloroplast preparations (12, 19) . As an initial step in the elucidation of the biochemical mechanism of photorespiration at the cellular level, we have examined the usefulness of spinach leaf protoplasts.
MATERIALS AND METHODS
Protoplasts. Protoplasts were prepared from freshly harvested spinach leaves (Spinacia oleracea L var. Kyoho) essentially following the method reported previously (14) . The (1) . RESULTS Inhibition of CO2 Fixation by 02. The activities of the photosynthetic CO2 fixation reaction by spinach protoplasts were compared under three different atmospheres (100% N2, air, and 100% 02), using NaH"4C03 of varied final concentrations at pH 7 and 8.5 (Fig. 1) . The results show that an atmosphere of 100% 02 exerts a marked inhibitory effect on the CO2 fixation reaction. An atmosphere of air (21% 02) also inhibited CO2 fixation, but to a lesser extent. The double reciprocal plot is shown in the inset of Figure 1 . The type of inhibition by either 02 or air is competitive, giving Ki(02) values with respect to CO2 of 0.32 mm at pH 7 and 0.28 mm at pH 8.5 .
The incorporation of 14CO2 into the 80% ethyl alcohol-soluble and amino acid fractions by protoplasts was determined under both anaerobic and oxidative atmospheres. The rate of CO2 fixation into both fractions was noticeably diminished in the oxidative condition (Fig. 2) Protoplasts incubated previously at 25 C for 3 min in the dark were transferred to either anaerobic or oxidative conditions and exposed to 14CO2 in the light. At the stated incubation intervals, aliquots were withdrawn and treated with 0.5 ml of hot ethyl alcohol to stop the reaction. The whole mixture was fractionated into total ethyl alcoholsoluble and amino acid fractions as explained in the text to measure theF14CO2 incorporation. 02 and results again show a decrease of photosynthetic activity of protoplasts under an oxidative atmosphere (Warburg effect) (Fig. 3) . However, '4CO2 incorporation into amino acids after the change from N2 to 02 was much less affected and actually maintained the same rate for about 5 min. Glycolate Pathway. In order to examine whether any measurable change in the '4CO2 fixation patterns in products between anaerobic and oxidative atmospheres occurs, radioautograms were made using the electrophoresed samples of ethyl alcoholsoluble and amino acid fractions prepared from the protoplasts used for the experiment shown in Figure 3 Figure 3 were applied to Dowex 50W-8X column chromatography, as explained in the text, to obtain the amino acid fraction. After high-voltage paper electrophoretic separation of the sample using the solvent, formic acid-acetic acid-H20 (5:15:80, pH 1.5; 1500 volt, 90 min), the radioautogram was made. After locating the individual amino acids, paper strips (1 cm wide) were used for radioactivity measurements of relevent amino acid fraction using the nonaqueous scintillant. Inset: distribution of radioactivity in individual amino acids as a percentage of total amino acid fraction.
the radioautogram (Fig. 4) 
DISCUSSION
The inhibition of photosynthetic CO2 fixation by 02, the Warburg effect, is commonly observed in green algae as well as in higher plants (15, 21, 22 (11, 12, 19, 20, 22) . Despite intensive investigations, the mechanism of glycolate biosynthesis and its role in photorespiration in plants is not completely understood (18, 22) . Most schemes for glycolate biosynthesis are based on in vitro enzyme experiments, and the in vivo analysis using higher plant leaf tissues is greatly handicapped by their structural complexity. Recently, a view has prevailed that the high affinity form of RuDP-carboxylase molecule towards 02 can account for the rate of glycolate production in vivo (4, 6, 13) . The present study does not provide direct proof or disproof for the RuDP oxygenase-catalyzed formation of glycolate in spinach protoplasts. The feasibility of using leaf protoplasts for the analysis of the Warburg effect and photorespiration is evident. It must be noted that the Ki(02) value with respect to C02 in the photosynthetic C02 fixation in protoplasts (Fig. 1) is analogous to the one observed with the purified preparation of soybean RuDP-carboxylase (9) and with intact cells of Chlamydomonas reinhardtii (8) . It is thus highly probable that the 02 inhibitory effect on the photosynthetic C02 fixation occurs at the level of RuDP-carboxylase. Results of our repeated experiments do not show that 14CO2 is incorporated readily into glycolate in protoplasts under an oxidative atmosphere, possibly because the pool size is too small. The time-sequence analysis of the 14CO2 incorporation into amino acids may indicate a rapid metabolic transformation of glycolate to glycine, which constitutes one of the major mechanisms operating in the glycolate pathway (12, 16, 17, 20) . But it is not clear at the present stage of investigation whether or not the glycolate formed is immediately converted into glycine. Until more experimental data become available we shall reserve our speculation as to the biosynthetic mechanism of glycolate.
